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INTRODUCTION 
Rationale 
Sedimentary basins have been shown to significantly affect strong ground-motions 
caused by seismic waves. The destructive force of these waves is often concentrated in areas 
within a basin which are not necessarily closest to the epicenter. Waves interacting with 
basin edges can be refracted, reflected, and transformed leading to constructive interference, 
resonance, and significant amplifications. Also, the thickness of sediments above bedrock 
within the basin significantly influences where the most shaking occurs. Examples of such 
basin effects have been observed during recent seismic events including the 1994 Northridge 
and 1987 Whittier-Narrows earthquakes in Los Angeles, the 1995 Kobe earthquake in Japan, 
the 1999 Chi-Chi ea1ihquake in Taiwan, and the 1989 Loma Prieta earthquake in the San 
Francisco Bay area. _ 
The study of seismic waves in a basin is analogous to the science of acoustics as 
applied to the engineering of a symphony hall, or to the design of musical instruments. The 
ultimate goal of our research is to understand the "acoustics" of the Los Angeles basin as 
applied to seismic hazard prediction. The important phenomena emphasized in this study are 
spectral amplification and duration of ground motions. 
Ground motions can be simulated using a I-dimensional stochastic computer model, 
FINSIM (Beresnev and Atkinson, 1997, 1998). This model does not take into account the 
three-dimensional basin structure; therefore, it is possible to isolate the effects of the Los 
Angeles basin empirically by calculating the ratios between observed data and the model 
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output. These ratios can then be used as corrections to the model outputs in order to make 
them applicable to sites within the basin. 
Simulation of strong motjons is fundamental to earthquake hazard prediction. As 
many of the world's major population centers are located over sedimentary basins, it is 
important for engineers and city planners to have access to a model which includes the 
effects of those basins. In order for such a model to be useful, it must be able to predict the 
strength of ground motions over a wide frequency range. One-dimensional stochastic models 
have been developed in the assumption of a simple horizontally stratified geological medium, 
which clearly is a simplification of reality. On the other hand, 3D models also have serious 
limitations. Due to their enormous complexity, 3D numerical models have been limited to 
frequency ranges below 1 Hz, making them of little use to the engineering community, which 
is generally interested in knowing the characteristics of ground motions up to 20 Hz. So far, 
the simpler 1 D models have been the only tools capable of generating synthetic ground 
motions at such high frequencies; however, these models have to be adjusted to faithfully 
represent the· basin effects. An empirical approach is currently the only possible way to make 
those adjustments. Deriving the empirical corrections to the popular 1 D methods of ground-
motion prediction is the purpose of this work. An empirical approach will also eliminate the 
need to enter the complex basin geometries and heterogeneities of basin materials as input 
parameters. 
The Stochastic Method 
Stochastic modeling, in both point-source and finite-fault implementations, has 
become a popular tool of strong-motion prediction for engineering purposes, especially in the 
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regions with insufficient amounts of instrumentally recorded data (EPRI, 1993; Boore and 
Atkinson, 1987; Silva et al., 1997; Toro et al., 1997; Atkinson and Silva, 2000; Beresnev and 
Atkinson, 2002). The stochastic finite-fault modeling technique has been recently developed 
and validated by Atkinson and Silva (2000) and Beresnev and Atkinson (2001, 2002), as well 
as validated by other investigators (Hartzell et al., 1999; Berardi et al., 2000; Castro et al., 
2001). 
One of the main premises of the stochastic method is that the complex path effects, 
including those of a stratified crustal structure, can be modeled through a semi-empirical 
approach, in which the waves generated at the seismic source are propagated to the 
observation point using empirically derived models of distance-dependent duration and 
attenuation. These models are usually obtained from the analysis of regional seismographic 
data, typically consisting of the records of small earthquakes at rock sites. The salient effects 
of horizontally stratified crust, including the presence of strong reflections and regional 
seismic phases, can thus be reasonably well reproduced. To generate a final seismogram at 
any particular site of interest, the synthetic time history ( or spectrum) is multiplied by a 
desirable site-response function. 
This method has not been designed to accurately reproduce ground motions within 
sedimentary basins, where the site effects do not simply reduce to the multiplication by a 
local response. For example, the ground-motion durations can be complicated functions 
dependent upon the distance from the basin edge ( e.g., Joyner, 2000). It would be impossible 
to develop theoretical corrections accounting for the basin effects within complex 
geometries; however, the possibility of using the stochastic method at sedimentary-basin 
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locations would still be desirable. Developing such corrections to the synthetic motions 
empirically is the realistic way to proceed. 
In this paper, I address the development of correction factors for the case of the Los 
Angeles basin, California, using ground motions from the densely recorded M 6. I 1987 
(October 1) Whittier Narrows and M 6.7 1994 (January 17) Northridge earthquakes. The 
corrections presented in this paper represent the total effect of the Los Angeles basin. 
Although the possible contributions from various basin-related effects are discussed, I do not 
attempt to assign relative significance to any of these effects. For a detailed description and 
analysis of these effects within the Los Angeles basin, the reader is referred to the work of 
the SCEC Phase III Working Group (Field et al., 2000). The ultimate goal of this work is to 
develop empirical corrections to ground-motion simulation methods that do not directly take 
the basin structure into account, in order to make them more accurate within basin 
geometries. 
Thesis Organization 
Chapter 1 gives an overview of the factors influencing seismic waves and ground 
motions with an emphasis on possible basin effects. Chapter 2 contains a description of the 
methods and procedures used in this study, including the ID stochastic model, FINSIM, data 
collection and processing, and the creation of spectral amplification and duration ratios. The 
results of this study are presented in Chapter 3, and conclusions and implications of this work 
are presented in Chapter 4. 
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CHAPTER!. BACKGROUND 
Overview of Factors Influencing Seismic Waves and Ground Motions 
In order to understand and model the potential effects of basins on ground motions, it 
is important to have a general understanding of the processes that create and modify seismic 
waves. The following discussion is meant to be an overview of many of the significant 
factors influencing waves, with greater attention focused on the processes that are considered 
to be potential basin effects. Complete descriptions of these processes are beyond the scope 
of this thesis. For more detailed description of these factors the reader is referred to Chapter 
6 of Leon Reiter' s book, "Earthquake Hazard Analysis." 
In general, ground motions are influenced by three factors: source, travel path, and 
local site conditions. The source is described by its magnitude and the sense of motion along 
a fault, and is important in the generation of waves. In simple models, earthquake sources 
are treated as point sources; however, more realistic treatments of sources sum the effects of 
many point sources via integration. Once the wave is generated, it must pass through the 
earth from the source to a location at the surface. Attenuation, amplification, and 
interference are just a few of the many travel path effects. Final modifications of seismic 
waves are effected by the uppermost rock, soil, and topography at a particular location. 
Source effects 
As with many geological processes, attempts at modeling earthquake sources began 
with a simple ideal model. Brune ( 1970) described the earthquake source as a circular fault 
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of radius r that ruptures over its whole area at the same time. Faults, however, are not likely 
to be circular, and the rupture process is not instantaneous. 
The concept of rupture duration improves upon the Brune model. Figure 1 a shows a 
simplified view of rupture along a vertical fault showing the position of the rupture front at 
one-second intervals. In reality, however, nature is more complex. Figure 1 b is an image of 
the inferred position of the rupture front at one-second intervals along the Imperial Fault 
during the October 15, 1979 Imperial Valley, California earthquake. These variations reflect 
the heterogeneity in rock properties, fault geometry, and stress release along the fault (Reiter, 
1990). 
Radiation pattern and fault type are concepts which further complicate the description 
and modeling of earthquake sources. S-waves, P-waves, and surface waves have distinctive 
radiation patterns. Fault planes often have complex three-dimension geometries, which add 
to the complexity of radiation patterns. Levels of ground motion are also affected by fault 
Figure la. Simplified Earth's Surface 
rupture along a vertical 
fault showing the position Fault 
of the rupture front at 
different times. From 
figure 6.8 (Reiter, 1990) 
Figure 1 b. Rupture front 
times during the October 5 10 15 20 25 30 
15 , 1979 Imperial Valley, 
California earthquake as 
inferred from strong-
motion data. From figure 
6.9 (Reiter. 1990) 13 
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type. The highest ground motion appears to be related to reverse and thrust faulting, while 
lower ground motions appear to be associated with normal faulting and strike-slip faulting. 
Directivity is another characteristic of the source that can have a significant effect on 
earthquake ground motion. Directivity is analogous to the Doppler effect; it is a result of the 
motion of the fault rupture. As the earthquake source moves, waves are continuously 
generated. As the wave fronts spread out spherically (the simplest case), energy is 
concentrated in front of the moving source. The result of the constructive interference of 
these concentrated waves is a stronger, shorter pulse (high amplitude, short duration) of 
energy in the direction of propagation. Receivers, from which the rupture front is moving 
away, will record motion of longer duration and lower amplitude. The effects of directivity 
are illustrated in Figure 2. 
Although a model that includes all of these source effects is a great improvement over 
early models, nature's complexity remains elusive. Destructive interference and absorption 
in the rock material along the fault zone are also significant, especially for high frequency 
pulses. 
Figure 2. Directivity or 
focusing of seismic energy. 
Snapshot of wave fronts. 
From figure 6.11 (Reiter, 1990 
after Del Mar Technical 
Associates, 1979). 
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Path effects 
As seismic waves pass from the source to receiver ( or site location), they may be both 
attenuated and amplified. Attenuation is defined as the loss of seismic energy with distance. 
Attenuation of seismic waves results from the combined effects of geometrical spreading and 
absorption. 
In an ideal homogeneous and isotropic medium, body waves spread spherically from 
their source. As the spherical wave fronts continue to move outward from the source, energy 
at any point on that wave front must decrease in order to obey the law of conservation of 
energy. In this simple case, amplitudes decrease as 1/ R, where R is the distance to the 
earthquake source. In the case of surface waves in a flat, uniformly layered earth, amplitudes 
decrease by 1/ R. Geophysicists refer to this effect as geometrical spreading. 
As waves propagate through the earth, a net loss of energy occurs. Earth materials 
can be described by the characteristic amount of natural attenuation that occurs within them 
due to sliding friction across cracks, internal friction, and grain boundary effects (Reiter, 
1990). Characteristic absorption of an earth material is described by a quality factor, Q. 
Absorption can also be caused by inhomogeneities along the travel path that can cause 
scattering resulting in destructive interference (Reiter, 1990). 
Although attenuation is a key parameter when modeling ground motions, it 1s 
amplification that is of greatest concern to those involved in seismic-hazard prediction. The 
fundamental characteristics of basins make them susceptible to two types of amplification: 1) 
amplification due to increasing density of basin sediments with depth, and 2) amplification 
due to constructive interference of waves that are refracted, reflected, or generated at the 
basin margins. 
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A se1sm1c impedance is the product of density (p) and velocity ( c ). A simple 
equation ( 1 ), derived from the law of conservation of energy, shows that seismic amplitude at 
the surface (A2) exceeds the amplitude at depth (A 1) proportionally to the square root of the 
inverse ratio of impedances: 
/2 
A1 
(1) 
The density and velocity of unconsolidated sedimentary materials in a basin generally 
increase with depth (p1c1 > p2c2). A wave traveling from depth to the surface will thus be 
increased in amplitude, provided the losses due to reflection, scattering, and anelastic 
attenuation are negligible. It follows that a thicker pile of sediments would lead to greater 
amplification. 
The second process for amplifying se1sm1c waves m a basin is constructive 
interference. Constructive interference requires that two waves meet m phase. Many 
scenarios can be described which lead to possible constructive interference within a basin. 
Predicting the occurrence of constructive interference in a basin is analogous to the 
predicting the areas of amplification in a symphony hall. Consider, first, a semi-circular 
basin edge. In a manner similar to a lens focusing light, waves that enter from outside the 
basin will be refracted at the basin edge, and focused towards a single point in the basin's 
interior (see Figure 3). As waves are concentrated, the likelihood of constructive interference 
is increased. If, however, the seismic source occurs inside the basin, the situation will 
resemble that of an amphitheater. Waves traveling towards the basin edge will be reflected, 
and once again, concentrated within the basin. 
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Figure 3. Diagram illustrating focusing of seismic waves due to refraction at the basin edge 
(from Field et al., 2000, after Joyner, 2000) . 
It seems reasonable to conclude that the combination of changing densities and 
focusing of waves should lead to significant amplifications at the center of a basin. Indeed, 
this phenomenon has been observed in southern California. Lee and Anderson (2000) 
examined the ground-motion prediction residuals relative to observations from recent 
southern California earthquakes. Of the site characteristics they examined, the basin depth, 
as defined by Magistrale et al. (2000), showed the most significant correlation with total 
amplification. Figure 4 shows the observed amplification factors for a cross-section across 
the Los Angeles basin. 
Waves are not only refracted or reflected at basin boundaries, they are also 
transformed from one wave type to another. Once transformed into surface waves, they have 
the potential to interfere with direct body waves. This particular "edge effect" was shown to 
play a significant role in the distribution of shaking and serious damage after the 1995 
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earthquake in Kobe, Japan. Figure 5 shows a concentrated zone of shaking (Intensity VII) 
offset from the basin edge by 2-3 kilometers. 
Although it is easy to visualize a basin as a bowl full of sediment, one should beware 
of over-simplification. The boundary between sediment and bedrock at .the bottom of the 
basin, especially near the basin edge, is almost never smooth or continuous. Reflections and 
refractions can trap wave energy and lead to constructive interference on a very local scale. 
This is one basin effect that can almost never be closely predicted with three-dimensional 
models, especially those that define the edge by a particular bedrock depth. Figure 6 is a· 
diagram showing the possible interference of ray paths that could lead to the observed 
variations in ground motions at close proximity. 
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Le~ & Anderson - dashed 
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di~tance a,ong profile 
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Figure 4. Basin-depth amplification factors, implied by the attenuation relationships of Lee 
and Anderson (2000) and Field (2000), created by Field and the SCEC Phase III Working 
Group (2000). Amplification peaks occur above the deepest point for both peak ground 
acceleration (PGA) and I-second response spectral accelerations (1.0-sec SA). 
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Figure 5. Location of heavily damaged zone paralleling the basin edge after the 1995 
Hyogo-ken Nanbu (Kobe) earthquake (from Figure I, Pitarka et al., 1998). 
heavy-damage 
zone 
sl ight --darn~1gc 
zone 
.A 
y 
13 
650 m apart I sec I-----! 
Figure 6. Cross-section showing the possible effects of the bedrock geometry at the edge of 
a basin. Refraction of waves, and reflection off the earth's surface may explain the 
juxtaposition of heavily damaged zones next to zones with only slight damage. Figure 
compiled by Field and the SCEC Phase III Working Group (2000) from Gao et al. (1996) 
and from Graves et al. (1998). 
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Site effects 
The distinction between source, path, and site effects is, as Field (2000) writes, 
"ultimately artificial." The basin depth, for example, is a characteristic of a particular site; 
however, its most significant effect is a "path effect." Although the focus of our research is 
on basin effects, it is impossible to model ground motions within a basin without 
understanding the effects of surface materials on the response of a site to seismic waves. 
In general, structures built on soft sediments experience more shaking than nearby 
structures built on bedrock. To illustrate this concept, the comparison between the_ 
characteristic response of a piece of jello to an impact (significant, prolonged shaking) is 
often made to the response of a piece of wood to the same impact (no shaking). 
Anderson et al. ( 1996) argued that "the surficial geology has a greater influence on 
ground motions than might be expected based on its thickness alone." Indeed, the seismic 
design criteria in the International Building Codes (IBC) are based entirely on the National 
Earthquake Hazards Reduction Program's (NEHRP) determinations of the shear-wave 
velocity of the top 30 m (Mahdyiar, 2002). Clearly, the significance of surface layers cannot 
be ignored when predicting the site response; however, the amplification predictions based 
solely on surface geology have been shown to be insufficient. For example, Mahdyiar (2002) 
concluded that the amplification values based on the shear-wave velocities in the top 30 m 
did not reflect the basin effects as derived from regional earthquake ground motions (Hartzell 
et al., 1998). 
Mahdyiar's (2002) analysis leads one to conclude that probabilistic seismic-hazard 
analysis would be most successful if both depth-dependent basin effects and the effects of 
near-surface geology were combined. The SCEC Phase III Working Group came to the same 
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conclusion. It identified two major contributors to the amplification factors: the softness of 
surface layers and basin depth (Field and SCEC Phase III Working Group, 2000). By 
calibrating these effects against observed amplifications, SCEC has created an amplification 
map for the Los Angeles region. 
One problem with developing amplification corrections based on surface geology is 
that surface geology is only a proxy for the more important factors: density and seismic 
velocity. These characteristics of a geologic unit do not necessarily remain consistent 
throughout individual_ map units. Calculating seismic velocities at a site would more directly 
represent site conditions, however, this method also has limitations. First, it is expensive to 
perform geotechnical studies at every site. Second, it is not clear that a single velocity value 
can be adequately representative of a site. Lastly, there is little agreement as to the depth to 
which amplifications can be considered part of a near-surface effect. Presently, these 
characterizations are limited to the top 30 meters because of the sharp increase in drilling 
costs beyond this depth (Field et. al, 2000). 
Although predicting the response of sediment at a site begins with classification of 
the material at the site, the variable response of those materials to strain of different 
magnitude (nonlinearity) must also be considered. Many models for site response have 
assumed that soils respond linearly to strain (obey simple Hooke's law). However, the 
observation that soils yield ( or fail) at high strain violates this relationship. The relative 
significance of the effects of non-linearity is still being debated, and nonlinear effects are 
beyond the scope of this thesis. 
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Graphical Representations of Strong Ground Motions 
In the time domain, strong motions are measured in terms of ground displacement, 
velocity, and acceleration. These three factors are related to one another through simple 
derivations. Most earthquake-related deaths are caused by the collapse of manmade 
structures; therefore, the goal of many seismologists is to present earthquake data in a way 
that is meaningful to engineers. Variations in wave amplitudes with respect to period ( or 
frequency) are most useful to engineers because each structure resonates at a particular 
frequency. Like bells, smaller structures resonate at higher frequencies, while larger 
structures resonate at lower frequencies. In general, frequencies up to 20 Hz are most 
important for manmade structures. Time-histories (seismograms) of strong motions are often 
transformed into the frequency domain using Fourier analysis. Amplitude and phase spectra 
are observations that directly reflect the frequency dependent characteristics of recorded 
motion. 
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CHAPTER 2. DATA AND ANALYSIS 
Collection of Observed Data 
All observed data used in this study were downloaded from the University of 
California, Santa Barbara, Strong-Motion Database (http://smdb.crustal.ucsb.edu) and re-
sampled to a common sampling interval of 0.02 sec. The spectral-amplification study is 
limited to frequencies between 0.2 and 12.5 Hz. The maximum frequency (12.5 Hz) is 
determined by the above sampling interval of the data. 
Figure 7 shows the locations of all stations. For the 1994 Northridge earthquake, 
instrument- and baseline-corrected records were downloaded for all 53 stations listed in 
Table 1. Appropriate records from the 1987 Whittier-Narrows earthquake were available for 
36 of these stations. All records analyzed in this study continue at least 16 seconds after the 
S-wave arrival. All of these stations are operated by either the University of Southern 
California (USC) or the California Division of Mines and Geology (CDMG). The stations 
are classified as generic "rock" ( classes A and B) and generic "soil" ( classes C and D) 
according to the Geomatrix scheme; the site-class information was provided by Pacific 
Engineering & Analysis ( courtesy of W. J. Silva). 
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Table 1. List of stations used in this study. Geomatrix classifications A and B indicate 
"rock-site" conditions, while classifications C and D indicate "soil-site" conditions. 
1987 Estimated 
1994 Whittier• Station Geomatrlx Depth 
North ridge Narrows Name Longitude Latitude Location Agency Classification (m) 
# # Al-t.1 -117.951 33.817 Anaheim USC 3091 
# BAP -118.018 33.847 Buena Park USC D 4472 
# # BGC -118.158 33.965 Bell Gardens USC D 5042 
# # BHA -118.361 34.009 Baldwin f-11ls OJM3 D 3355 
# # CAS -118.270 33.81 2 Carson - 23536 Catskill Ave. USC D 4247 
# # (l)A -118.239 33.836 Carson - 21288 Water St. USC D 3366 
# # (X)M -118.196 33.899 Corrpton USC D 5766 
# # oow -118.167 33.924 D::,wney OJM3 D 6095 
# # rJ.NY -118.137 33.920 D::,w ney - 12500 Birchdale USC D 5613 
# GGS -118.012 33.790 Garden Grove USC D 4435 
# t-BS -118.044 33.727 1-lmtington Beach USC D 3139 
# I-LC -118.365 34.088 rbllywood USC D 1691 
# # 1-f\lB -117.997 33.664 f-1.Jntington Beach OJM3 D 2695 
# # HSL -118.339 34.090 LA - rbllyw ood Storage Lot aM3/0WNR D 2160 
# # IGU -118.279 33.905 hglewood OJM3 D 3552 
# # LAS -118.260 33.929 LA - 116th Street OJM3 D 4854 
# # LAW -118.346 33.897 Lawndale USC D 2705 
# LBG -118.196 33.768 Long Beach - City OJM3 D 2758 
# # LBL -118.194 33.840 Long Beach - Rancho OJM3 D 3596 
# LO -118.171 34.053 LA - City Terrace OJM3 2924 
# # LOJ -118.418 34.063 LA - Century City Country Oub t--brth OJM3 D 3248 
# # LOH -118.298 34.082 LA - 687 Westrroreland Ave. USC D 2475 
# # LOS -118.222 34 .088 LA - 624 Cypress Ave. USC C 2457 
# # LF1 -118.244 34.115 LA - 3036 Fletcher ex. USC D 548 
# # LF3 -118 .553 34.042 Pacific Palisades USC B 348 
# # Ll-0 -117.924 33.946 La Habra USC C 3296 
# LPS -118.271 34.043 LA- La Aco OJM3 D 2804 
# # LSS -118.355 34.046 LA - Saturn St. USC D 3310 
# LST -118.298 34.045 LA - St. Thorres USC C 2912 
# LTH -118.246 34.059 LA - Terrple & rbpe OJM3 B 2726 
# LLJ-l -118.198 34.062 LA - U,iversity Gardens OJM3 B 2612 
# # LVS -118.279 34.005 LA - Grand Ave. USC D 4664 
# # LWD -118.099 33.846 Lakewood - Del Arm USC D 5401 
# # LWE -118.380 34.114 LA - 8510 Wonderland Ave. USC A 310 
# # LWS -118.435 34.089 LA - 700 Faring Rd . USC B 310 
# # M3F -118.388 33.886 Mmhattan Beach USC C 2181 
# # M3S -118.430 34.001 LA - Centinela St. USC D 2821 
# # MSM -118481 34.086 LA - 12001 Chalon Rd. USC B 310 
# MTL -118.114 33.990 M::mtebello use D 3909 
# # OBG -118.178 34.037 LA - Obregon Park OJM3 D 3284 
# Pv'C -118.396 33.746 Rancho Palos Verdes - Hawtnorne Blvd . OJM3 A 0 
# # RP./ -118.335 33.740 Rancho Palos Verdes - Luconia ex. USC C 0 
# # SFS -118.087 33.944 Santa Fe Springs USC D 4330 
# SM3 -118.490 34 .011 Santa M:mica OJM3 D 2656 
# # TM -118.269 33.736 Terrrinal Island USC D 1631 
# TUS -117.624 33.728 Tustin USC D 2431 
# u.A -1 18.439 34 .068 LA - lx:l..A Grounds OJM3 1114 
# # vcs -118.230 34.004 Vernon USC D 4205 
# # VPS -117.818 33.821 Villa Park USC B 2516 
# # XBR -117.896 33.916 Brea USC D 3331 
# XLV -118.293 34.022 LA - S. Verrront use D 3944 
# # XAJ -118.432 33.960 Raya Del Ray USC D 2005 
# XWA -118.029 34.015 Whittier USC B 4409 
20 
Creating Synthetics 
The stochastic finite-fault method, as incorporated in the code FINSIM, has been 
recently calibrated using multiple rock-site recordings from the Northridge and Whittier-
Narrows earthquakes to achieve a statistically near-zero prediction bias for Fourier and 
response spectra, in the frequency range from 0.2 to 13 Hz (Beresnev and Atkinson, 2001, 
2002). The prediction bias was defined as the ratio of the observed to predicted spectrum, 
averaged over all modeled stations. Figure 8 shows the model bias for rock sites in the Los 
Angeles region. 
All synthetics are generated using the finite-fault radiation simulation code FINSIM 
(Beresnev and Atkinson, 1998). In this method, the source is assumed to be a rectangular 
fault subdivided into subfaults. The rupture initiates at the hypocenter and propagates 
radially from it, triggering each subfault as the rupture front passes. Each subfault generates 
wave energy in the form of an o./ spectrum (spectrum of ground acceleration that is flat at 
low frequencies and decays as al at frequencies beyond the "comer frequency"). This 
energy is then propagated from the source to the observation point using empirical distance-
dependent duration, geometric attenuation, and attenuation (Q) models (Boore and Atkinson, 
1987; Beresnev and Atkinson, 1997). See Beresnev and Atkinson (2002) . for further 
description of all modeling parameters. All input- and output-parameter files, as well as a 
copy of the code, are freely available from the authors. 
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Figure 8. Model bias 
and standard deviation 
for 28 rock stations in 
the Los Angeles region 
( from Figure 5 of 
Beresnev and Atkinson, 
1998). 
The basin depth, defined as the depth to the 2.5 km/sec shear-wave velocity 
isosurface in the Southern California Earthquake Center (SCEC) 3D velocity model of 
Magistrale et al. (2000), was calculated using the Basin Depth Servlet provided on the SCEC 
Phase III WWW site (http://www.scec.org:808 l/examples/servlet/BasinDepthServlet), which 
calculates the depth using bilinear interpolation on a grid of data points spaced at 400 m. 
Figure 9 is a three-dimensional image of the basin as defined above. This velocity model is 
not directly incorporated into FINSIM simulations; however, any errors in the estimated 
depth are indirectly introduced into our findings via the equations describing the correlation 
of amplification with depth. The basin depth corrections that we develop are, by definition, 
the ratios of observed spectra to the spectra generated by a simplified, 1 D stochastic model 
(FINSIM). 
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Figure 9. Three-dimensional image of the Los Angeles basin as defined by Magistrale et al. 
(2000). 
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Generation of Spectral Amplification and Duration Ratios 
Figure 10 shows two representative sets of acceleration seismograms from the 
Northridge earthquake: MSM is a station near the basin edge, and DOW is a station over the 
deepest part of the basin. For both earthquakes, the mismatch (bias) for each station was 
calculated by dividing the Fourier spectrum of the geometrically averaged horizontal 
components of observed acceleration records following the S-wave arrival by the spectrum of 
the random horizontal component of the simulated accelerogram. This mismatch can also be 
called the spectral amplification ratio. Figure 11 shows the spectral amplification ratios for 
stations MSM and DOW. 
Durations, defined as the time for 95% of the wave energy to pass after the S-wave 
arrival, were calculated for both synthetic and observed accelerograms. The durations were 
averaged for the two horizontal components of the observed data, then divided by the 
synthetic durations to create the duration ratios. 
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MSM - Northridge Earthquake 
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Figure 10. Examples of two sets of seismograms from the 1994 Northridge earthquake. 
MSM is a site near the edge of the basin, while DOW is over the deepest part of the basin. 
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Figure 11. Sp~ctral amplification ratios for MSM, a site at the edge of the basin, and DOW, 
a station over the deepest part of the basin. 
26 
CHAPTER 3. RESULTS AND DISCUSSION 
Range of Individual and Averaged Ratios 
Since the rock-site calibrated ground-motion prediction model was used to generate 
all synthetics, the amplification ratios for stations identified as "rock" hover around unity, as 
could be expected. For "soil" sites," individual peaks in amplification can be as high as 
approximately 30. With engineering applications in mind, the frequency range of this 
analysis was divided into three bands of 0.2-2 Hz, 2-8 Hz, and 8-12.5 Hz, and average ratios 
for individual stations were calculated over each band. The average amplification ratios 
range from 0.36 (at rock site LWE) to 10.7 (at soil site DWY, which lies over the deepest 
part of the basin). 
Data Trends and Localized "Hotspots" 
Three-dimensional images were used to visualize the general trends in inferred 
amplification and to pinpoint localized amplification "hotspots". In order to plot the data as a 
3D mesh, the data were smoothed using loess smoothing technique that calculates gridded 
data points using tri-cube weighting and first-degree polynomial regression. Figure 12 shows 
the 3D plots of smoothed amplification for each frequency range superimposed above a 
representation of the Los Angeles basin. It is clear that there is a correlation between basin 
depth and amplification for both earthquakes. Viewed in 2 dimensions (Figure 13), one can 
see that the amplification peaks are not necessarily centered directly above the deepest basin 
contour, although amplification does generally peak in the approximate center of the basin. 
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Figure 12. 3D plots of smoothed amplification ratio for each frequency range (upper 
surface) and of estimated basin depth based on Magistrale et al. (2000) (lower surface) for 
the 1994 Northridge earthquake and the 1987 Whittier Narrovvs earthquake. Take note that 
the color scales change slightly from plot to plot. 
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Figure 13. 2-dimensional smoothed amplification factors within the LA Basin. Color 
contours represent amplification and lines represent basin depth in meters. 
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This observation emphasizes the idea that basin depth is not necessarily the cause of 
amplification within the basin, it is merely a proxy for a combination of effects as discussed 
· in Chapter 1. 
The highest amplification peak occurs over the deepest part of the basin for all three 
frequency ranges for the Whittier Narrows earthquake. All three Northridge plots also show 
the amplification centered over the deepest part of the basin; however, an additional pocket 
of high amplification is centered over the Santa Monica region (western end of the plots). 
Indeed, anomalous amplification was observed in the Santa Monica area during the · 
Northridge event (Porcella et al., 1994; Shakal et al., 1994). The cause of this amplification 
has been shown to be the focusing effect at the basin edge, although there is debate as to the 
depth at which this focusing occurs (Gao et al., 1996; Hartzell et al., 1997; Alex and Olsen, 
1998; Graves et al., 1998; Davis et al., 2000). 
Another, although weaker, amplification hotspot seen in the Northridge data occurs 
over the northern edge of the basin. This hotspot may be related to the resonance in the 
smaller San Gabriel sub-basin. Such resonance was observed in the results of a 3D finite-
difference model for the Northridge earthquake by Olsen (2000) based on the 3D velocity 
model by Magistrale et al. (1998); however, Olsen's model is limited to frequencies below 1 
Hz. 
The identification of these hotspots is not new. They were previously identified by 
Hartzell et al. (1997) based on the empirical analysis of Northridge main-shock and 
aftershock data. What is of additional importance for seismic-hazard analysis, though, is that 
the significance of these hotspots appears frequency and earthquake-location dependent. As 
frequency increases, the amplification hotspots become increasingly dominant. The largest 
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absolute amplification occurs for the high-frequency range of 8 to 12.5 Hz. This observation 
is consistent with the results of theoretical focusing by hemicylindrical and hemispherical 
lenses and the finite-difference simulations of focusing by a 2D curved interface by Davis et 
al. (2000). 
The Santa Monica and San Gabriel sub-basin hotspots are exceptions to the general 
depth-dependent trend of the amplification ratios. For this reason, they do not significantly 
affect our averaged amplification co1Tections. The creation of localized hotspot corrections 
for use with FINSIM-type programs is beyond the scope of this study; however, once such 
corrections have been developed, they may easily be added to the model. 
Amplification Corrections 
Prior to the analysis of the entire raw amplification data set, the Northridge and 
Whittier Narrows amplifications were looked at separately to ensure that both data sets 
showed correlation between amplification and depth. Both earthquakes showed positive 
correlation in all three frequency ranges. The absolute amplification values overlapped; 
however, the Whittier Narrows regressions consistently had steeper slopes than the 
regressions for the N orthridge data. 
Combined plots of the amplification ratio versus basin depth, including both events, 
are shown in Figure 14. Linear regressions were preformed for the average amplifications 
for each frequency range as well as one for the entire frequency range. The equations 
produced by these regressions are shown in Table 2. All four equations show positive 
correlation with depth. The low-frequency range shows the best correlation, perhaps due to 
the contributions from surface waves, primarily composed of low-frequency energy. 
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B 
Intermediate Frequency Amplification R1tio1 v1. Otpth 
for Northridge and Earthquake• 
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Figure 14. Amplification ratio vs. estimated depth based on Magistrale et al. (2000) for (A) 
low frequencies (0.2-2.0 Hz), (B) intermediate frequencies (2.0-8.0 Hz), and (C) high 
frequencies (8.0-12.5 Hz). All data from Northridge and Whittier Narrows earthquakes 
included. Dotted lines represent 95% confidence intervals. 
Table 2. Regression Equations for Estimating Amplification (A) Based on Depth in km ( d). 
Frequency Range (Hz) Linear Regression Correlation Value (r 2) 
Low 0.195 - 2.0 A= 0.441d + 1.425 0.25 
In term edia te 2.0 - 8.0 A= 0.247d + 1.522 0.15 
High 8.0 - 12 .5 A = 0.309d + 1.660 0.16 
Average 0.195-12.5 A = 0.289d + 1.563 0.24 
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They-intercepts for the low, intermediate, and high frequency ranges are 1.42, 1.52, 
and 1.66, respectively. Theoretically, if the model predicts rock sites accurately, these lines 
should converge to unity. These regressions, however, are significantly weighted by the 
stations within the basin. Although one might argue that "rock" sites should not be included 
at all in the basin corrections, we prefer to use all of the available stations approximately 
located within the basin for two reasons. First, the estimated depth of the basin does not 
necessarily correlate with the Geomatrix classification. This classification is based entirely 
on near-surface geology. Second, the exact boundary of the basin is not strictly defined. The· 
distribution of sites within the basin is fairly uniform, with the exception of the northwest 
comer that has the greatest density of stations. 
The corrections presented in Table 2 represent the total amplification ratio at any 
point within the basin, with respect to the average "rock-site" condition. Therefore, it is no 
surprise that the correlation factors (r2) range from 0.15 to 0.25 , reflecting the large amount 
of scatter. The presence of scatter should be expected, since it involves the presence of 
amplification hotspots, uncertainty in the calculation of basin depth, and variable response of 
near-surface deposits, including local resonances at individual sites. The corrections thus 
represent the cumulative effect of all these factors and can be viewed as the corrections for 
the average near-surface condition within the basin, with basin depth as independent variable. 
Our amplification corrections are generally comparable to the basin amplifications 
developed by the SCEC Phase III Working Group (Field et al., 2000). This is of no surprise 
because both maps are based on the estimation of basin depth by Magistrale et al. (2000). 
However, our maximum amplification correction is near four, while the SCEC map has a 
maximum of five. The source of this inconsistency lies in the different methods for defining 
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amplifications. While the SCEC factors are typically determined based on empirical spectral 
ratios relative to a single rock site ( e.g., Hartzell et al., 1998), our corrections are determined 
with respect to the average rock-site condition, based on finite-fault modeling. The latter can 
be considered more robust, . as they are much less dependent on a choice of a particular 
reference site. 
As stated above, the corrections introduced in this thesis can be viewed as the average 
total amplification effect within the basin, where local site responses have been substantially 
smoothed out. Clearly, the localized effects, such as a particular site's resonance or focusing 
due to the geometry of the basin edge, cannot be captured by this generic correction. A sharp 
local amplification function at any particular site of interest can always be introduced to the 
program such as FINSIM as an extra input parameter (Beresnev and Atkinson, 1998). Any 
specifics of local response, if known, can thus be easily incorporated. 
Prediction Residuals and Intrinsic Variability 
It is clear from the correlation values shown in Table 2 that the response of each site 
within the basin is the result of the varied source, path, and site effects. We contend that the 
average of all of these effects can be correlated to basin depth. The analysis of the prediction 
residuals (predicted amplification subtracted from the observed amplification) generally 
confim1 this conclusion, while highlighting some interesting effects at individual stations. 
Six residuals were calculated for each station where data from both earthquakes were 
available; residuals were calculated for both earthquakes and for each frequency range. 
These residuals are presented for each station . in alphabetical order in Figure 15. An 
examination of these residuals shows that the error is randomly distributed over the entire 
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range of basin depths. In other words, error is not more likely to occur at one depth than 
another. Further examination also shows that the error is not systematically concentrated in 
any particular location within the basin. Only two sites, BGC and LDS, show consistent 
over-prediction of amplification regardless of the earthquake location or frequency range. 
LF 1 shows consistent under-prediction regardless of the earthquake location or frequency 
range. Four sites (HBS, HSL, LHO, and XBR) show under-prediction of amplification for 
the Northridge earthquake, while amplification is over-predicted for the Whittier-Narrows 
earthquake. These earthquake-specific responses indicate that these sites are sensitive to the 
azimuth of incoming waves. 
One of the major goals of seismic-hazard analysis research is to identify the intrinsic 
variability of individual-location amplifications within the Los Angeles basin. Intrinsic 
variability is defined as the magnitude of variations occurring at an individual site due to 
differences in epicenter location and earthquake magnitude. A complete analysis of the 
variations in site response due to the surface geology, epicentral location, and earthquake 
magnitude is beyond the scope of this thesis; however, the trends discussed above may prove 
important for future development of site-specific amplification factors. It should be noted 
that we have only analyzed the response of these stations to two earthquake scenarios; 
therefore, our discussion of intrinsic variability at these sites is only preliminary. Also, the 
analysis of variability is limited to the locations where seismic data have been recorded. A 
complete analysis of intrinsic variability would benefit from further analysis of a denser array 
of seismic stations. Hartzell et al. ( 1997) provide an in-depth analysis of the variability of 
site response in many regions of the Los Angeles basin. 
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Figure 15. Prediction residuals for all stations in alphabetical order. Positive residuals 
indicate over-prediction of amplification and negative residuals indicate under-prediction of 
amplification. 
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Duration 
Basin effects have been shown to greatly increase shaking durations. One of the 
proposed causes of these prolonged durations is the induction .of surface waves at the basin 
edges (Vidale and Helmberger, 1988; Joyner, 2000). Durations have also been shown to be 
directly related to earthquake magnitude (Olsen, 2000). 
For the purposes of this study, the duration is defined as the time from the S-wave 
arrival to the time elapsed when 95% of the seismic energy has passed. Durations were 
calculated for both synthetic and observed accelerograms for the 1994 Northridge and 1987 
Whittier-Narrows earthquakes. For most stations, we averaged the durations of the two 
horizontal-component seismograms, with the exception of two stations, MBF and XBR, 
where only one horizontal component for the Whittier Narrows event was available. Next, 
duration ratios were created in a manner similar to that used in the creation of amplification 
ratios above, by dividing the averaged observed durations by the synthetic durations. These 
ratios were then plotted above a contour map of the basin in order to determine whether or 
not the effect of the basin on duration could be correlated to any generic characteristic of the 
basin. 
As could be expected, the FINSIM model significantly underestimates the shaking 
durations for both earthquake sources, confirming that the Los Angeles basin produces a 
substantial duration effect. The durations for the synthetic seismograms range from 7 .1 to 
12.6 sec for the Northridge event, while the observed durations range from 6.7 to 35.5 sec. 
In this case, the maximum ratio between the average observed and synthetic durations is 3.7. 
On average, the model underestimates durations by a factor of 1.6 for Northridge stations. 
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For the Whittier Narrows event, the durations of synthetic seismograms range from 
3.4 to 5.6 seconds, while the observed durations range from 3.3 to 21.7 seconds. In this case, 
the maximum ratio between the average observed and synthetic durations is 4.3. On average, 
the model underestimates the Whittier Narrows durations by a factor of 2.3. 
- Figure 1-6 shows the ratio of observed to synthetic durations at each station for both 
the Northridge and Whittier Narrows earthquakes. It is clear that the duration ratios 
(represented by black circles) do not correlate well with the basin depth (represented by 
shading). There is, however, some systematic grouping of larger duration ratios within the 
basin. Joyner (2000) . introduced the distance from the basin edge as the distance from the 
300-m contour of the depth to crystalline basement to the seismic station along the line 
connecting the earthquake epicenter to the station. Using this definition of distance, Figure 
17 shows that the maximum duration ratios for the Northridge traces tend to increase with 
distance from the basin edge; however, significant scatter is present. It is important to note 
that we have not limited our study to long-period (low-frequency) surface waves, such as 
those studied by Joyner (2000). The wave interactions that may contribute to increased 
durations within the basin in our study are likely to be more complex than those explained by 
Joyner (2000). 
Since the Whittier Narrows epicenter was located within the basin, it becomes 
difficult to define the distance from the basin edge for this event. Simply by looking at the 
distribution of duration ratios for both earthquakes in Figure 16, one can see that larger 
duration ratios are distributed systematically within the basin, but they are very dependent on 
earthquake location. Thus, we find it impossible to define a generic correction for the effects 
of the Los Angeles basin on duration; however, we can say with confidence that durations are 
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increased by the effects of the basin. As a conclusion, users of FINS IM and similar programs 
should be aware that durations may be extended as much as 4 times the synthetic ones, 
depending on the location of the site within the basin. 
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Figure 16. Duration ratios displayed above basin-depth contours (shading) for 1994 
Northridge and 1987 Whittier Narrows earthquakes. Black circles are scaled to the ratio 
values. Stars indicate approximate locations of earthquake epicenters. 
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Duration vs. Distance from the Edge 
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Figure 17. Duration ratios versus distance from the edge ( as defined by Joyner, 2000) for 
the Northridge earthquake. 
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CHAPTER 4. CONCLUSIONS AND IMPLICATIONS 
We have isolated the corrections for total basin amplification within the Los Angeles 
basin, which need to be applied to synthetic ground motions generated for the average rock 
site. The amplification ratios were produced by comparing the observed to the synthetic 
spectra created by FINSIM for the 1994 Northridge and 1987 Whittier Narrows earthquakes. 
The 3D spatial representations indicate the general correlation between the amplification 
correction and the basin depth while highlighting the significance of two amplification 
hotspots that occurred during the N orthridge event. Sharp local responses are impossible to 
capture in a generic correction; however, any extra, site-specific, amplification can easily be 
entered into the code such as FINSIM as an additional input parameter. 
The correlation between the amplification and the basin depth as estimated by 
Magistrale et al. (2000) was observed in three separate frequency intervals, leading to the 
development of depth-dependant corrections for the low (0.2-2 Hz), intermediate (2-8 Hz), 
and high (8-12.5 Hz) frequencies. The correlation coefficients (r2) below 0.25 indicate 
significant scatter; however, considering the complexity and local variability of site effects, 
we consider these correlation factors to be reasonable for the generic correction. Also, our 
analysis of the prediction residuals showed no systematic trends. 
The users of FIN SIM ( or a similar program that does not specifically take the basin 
structure into account), wishing to generate synthetic ground motions for any site of interest 
within the basin, should thus proceed as follows. First, the estimated basin depth should be 
determined from the coordinates of the site using the Basin Depth Calculator 
(http://www.scec.org:8081/examples/servlet/BasinDepthServlet). Once the depth has been 
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determined, the equations presented in Table 2 can be used to calculate the amplification 
factors for the three frequency ranges; these factors should be entered into FINSIM as 
additional input parameters. This will implement the amplification effect for the generic soil 
site in the basin. If local resonance is deemed to be significant, a site-specific response 
function, reflecting the effect of variable near-surface geology, can similarly be incorporated. 
Ground-motion durations are shown to be significantly lengthened within the basin. 
The distance from the edge of the basin is typically considered a primary factor affecting the 
durations ( e.g., Joyner, 2000); this distance is ambiguous to define for epicenters located 
within basin boundaries. Therefore, it is difficult to make any general prediction or develop 
corrections concerning duration. Users of FINSIM should be aware that shaking may occur 
for as much as 4 times the length of predicted simulations. 
Recently, 3D models have become increasingly popular for evaluating the 
amplification effects caused by sedimentary basins around the world (Olsen and Archuleta, 
1996; Olsen et al., 1997; Pitarka et al., 1998; Wald and Graves, 1998; Stindham et al., 1999; 
Olsen, 2000). However, these models are limited by the accuracy and resolution of the 3D 
velocity models on which they depend. Also, they require vast amounts of computer 
memory and are limited to the frequencies typically below 1 Hz. The frequencies of 
significant engineering interest extend to as high as 20 Hz, which emphasizes the importance 
of simpler, semi-empirical methods, such as the finite-fault stochastic method, for 
earthquake-hazard calculations. The stochastic method, corrected for the average effects of 
basin structure, as discussed in this thesis, would thus be of significant practical use to 
engmeers. 
42 
As a result of this study, we have presented corrections for the finite-fault stochastic 
model as implemented in FINSIM, in order to make it effective for sites within the Los 
Angeles basin. Since the effects of each individual basin are likely to be unique due to 
variations in the geometrical and material characteristics across each basin, one could argue 
that the results of such a study would only be pertinent to the Los Angeles basin. This 
argument may be valid; however, it is reasonable to assume that the spectral features brought 
about by the propagation of the edge-generated surface waves into the basin would be quite 
generic, being only weakly related to the specifics of the internal basin structure. The 
correction magnitude may also be dependent on the position of the earthquake epicenter 
relative to the basin; we reduce this effect by analyzing the data from the two events with 
very different epicenter locations. By the same token, the spatially variable amplification 
caused by the impedance gradient across the thickness of the sedimentary cover could be 
adjusted to a specific basin by modifying the developed corrections proportionally to the 
specific impedance contrast. Further studies, carried out over a variety of basin structures 
where sufficient data become available, will help clarify the questions raised. 
43 
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